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Abstract
The antihydrogen programme of the ASACUSA collaboration at the
antiproton decelerator of CERN focuses on Rabi-type measurements of the
ground-state hyperfine splitting of antihydrogen for a test of the combined
Charge-Parity-Time symmetry. The spectroscopy apparatus consists of a
microwave cavity to drive hyperfine transitions and a superconducting sex-
tupole magnet for quantum state analysis via Stern-Gerlach separation.
However, the small production rates of antihydrogen forestall comprehen-
sive performance studies on the spectroscopy apparatus. For this purpose
a hydrogen source and detector have been developed which in conjunction
with ASACUSA’s hyperfine spectroscopy equipment form a complete Rabi
experiment. We report on the formation of a cooled, polarized, and time
modulated beam of atomic hydrogen and its detection using a quadrupole
mass spectrometer and a lock-in amplification scheme. In addition key
features of ASACUSA’s hyperfine spectroscopy apparatus are discussed.
1 Introduction
1.1 Motivations
The hydrogen atom has motivated a plethora of experimental and theoretical
investigations. Presently, a compelling reason to pursue such studies originates
from the growing field of low-energy antimatter research. To date antihydro-
gen is the only anti-atom that can be formed in a well-controlled environment.
Atomic spectroscopy methods in magnetic traps already yield precise compar-
isons of the hydrogen and antihydrogen spectra [1, 2, 3]. Further measurements
of the antihydrogen ground-state hyperfine splitting (GS-HFS) are envisioned in
a beam using a Rabi-type spectroscopy apparatus described in this manuscript.
Any deviation in antihydrogen from the measured values in hydrogen would
indicate a violation of the CPT-symmetry (the combined symmetry of charge
conjugation, parity, and time reversal) which would be a clear signal for physics
beyond the standard model of particle physics, potentially providing new in-
sights in the matter-antimatter asymmetry puzzle. A measurement of the anti-
hydrogen GS-HFS has the potential to yield one of the most precise CPT-test on
an absolute energy scale. A remarkable precision of 2mHz (corresponding to 1.4
ppt) has been achieved in hydrogen maser experiments [4, 5, 6, 7, 8, 9] owing to
long interaction times by mechanical confinement. Unfortunately, this method
is not transferable to antihydrogen, which would annihilate on the confining
enclosure. Therefore, the method adopted within the antihydrogen program
of ASACUSA (Atomic Spectroscopy And Collisions Using Slow Antiprotons),
pursued by the ASACUSA-CUSP group, at the Antiproton Decelerator (AD) of
CERN is Rabi-type magnetic resonance spectroscopy [10, 11]. This technique
requires the preparation of a polarized atomic (or molecular) beam. It is accom-
plished with magnetic field gradients, which result in spatial separation of atoms
in different quantum states. Fig.1 shows the Breit-Rabi diagram for hydrogen
and antihydrogen indicating the behavior of the atoms in an external magnetic
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Figure 1: Breit-Rabi diagram for hydrogen and antihydrogen in the presence
of a small static magnetic field (modified from [12]). The microwave transition
σ1 on hydrogen was measured with the apparatus described in this manuscript.
The experimental setup to address both σ and pi transitions will be the subject
of a future publication.
field as a function of their magnetic moments orientations. Atoms that align
their magnetic moments with the external magnetic field have a lower energy in
higher fields and are called high field seekers (hfs). Atoms which follow a gradi-
ent towards lower magnetic fields are called low field seekers (lfs). This property
allows spin state selection in so-called Stern-Gerlach type apparatus and is at
the heart of the measurement technique adopted here. Quantum transitions
between lfs and hfs states are induced by means of an oscillating (or rotating)
magnetic field. A second magnetic field gradient removes those atoms, that
have changed their magnetic moment and the remaining ones are detected. A
resonance structure can be recorded as a drop in counting rate (signal) by scan-
ning the frequency of the oscillating magnetic field. Kusch et al. [13, 14] applied
Rabi-type spectroscopy to determine the ground-state hydrogen hyperfine split-
ting (∼1.42GHz) to an absolute precision of 50Hz. This value was improved by
more than an order of magnitude using the apparatus described in the present
manuscript [15].
1.2 ASACUSA’s antihydrogen hyperfine spectrometer
The ASACUSA-CUSP group employs a set of charged particle traps for the
production of a polarized beam of antihydrogen. Antiproton bunches extracted
at energies of 5.3MeV from the AD are further slowed down by ASACUSA’s
radiofrequency quadrupole decelerator [16] to ∼100 keV and then accumulated
in a Penning-Malmberg trap (MUSASHI) [17].
In parallel, positrons from the β+-decay of 22Na are accumulated in a second
trap. Antiproton and positron bunches are transferred to the mixing trap, which
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uses multi-ring electrodes and superconducting double anti-Helmholtz coils to
provide both the confining electric and magnetic fields for charged particles and
the magnetic field gradients for polarization of neutral antihydrogen [18, 19, 20].
ASACUSA reported the observation of antihydrogen atoms in a field-free en-
vironment 2.7m downstream of the mixing region [21], a necessary step before
attempting a spectroscopy measurement. The quantum-state distribution of
antihydrogen atoms exiting the formation apparatus was published [22] and
showed a too small fraction of ground-state atoms to achieve the spectroscopy
goal. The current focus of the collaboration is thus to significantly increase the
number of ground-state atoms produced.
For the GS-HFS measurement the antihydrogen atoms extracted from the
mixing trap will pass a microwave cavity for state conversion and a supercon-
ducting sextupole magnet for state analysis before being detected by an anni-
hilation detector, as in Fig. 2.
To guarantee a large acceptance for the scarcely produced polarized ground-
state antihydrogen the spectroscopy beamline has an open diameter of 100mm,
which presents a noteworthy difference from conventional Rabi-type setups. A
Figure 2: Schematic of the ASACUSA-CUSP apparatus for the measurement of
the GS-HFS of antihydrogen. The spectroscopy apparatus is indicated by the
gray box.
cavity of the so-called strip-line geometry [23, 24, 25] produces the oscillating
magnetic field for driving the hyperfine transitions. This resonator type was
chosen, as it provides a uniform microwave field over the large opening diam-
eter. The cavity is followed by a superconducting sextupole magnet able to
focus lfs ground-state antihydrogen atoms of velocities up to ∼ 1000 ms−1 onto
the antihydrogen detector, directly downstream of the sextupole. The detector
concept is based on the combination of calorimetry and track reconstruction
measurements. It comprises an inner BGO crystal read out by multi-channel
PMTs providing 2D-position resolution and charge deposit information [26, 27],
surrounded by two layers of 32 scintillator bars each, assembled in a hodoscope
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geometry for tracking charged annihilation products (i.e. mainly pions) [28].
This apparatus was recently completed by two additional layers of 2 × 2 mm2
square scintillating fibres perpendicular to the hodoscope bars to improve the
spatial resolution in the beam direction [29].
For characterization of the hyperfine spectrometer, the cavity and sextupole
magnet, developed for the antihydrogen experiment, were coupled to an atomic
hydrogen source.
A detailed description and performance assessment of each part of the hy-
drogen apparatus is provided in the following sections. The source of ground-
state hydrogen and its performance is detailed in §2.1, including a description
of the polarization and velocity selection as well as modulation stages. The
spectroscopy apparatus is described in §2.2: §2.2.1 details the cavity design
and performances, §2.2.2 the Helmholtz coils’ assembly for the generation of
the external static magnetic field, and §2.2.3 the magnetic shielding enclosing
the cavity and Helmholtz coils setup while §2.2.4 provides information on the
superconducting sextupole. The final descriptive section, §2.3, deals with the
hydrogen detection apparatus. Finally, §3 provides the result of a set of char-
acterization measurements performed with the apparatus.
2 Hydrogen experimental apparatus
The hydrogen beamline is shown in Fig. 3. It comprised several vacuum cham-
bers that were separated by apertures enabling differential pumping. The first
chamber enclosed the hydrogen source providing a cold (∼ 50 K) beam of atomic
hydrogen to the second chamber housing a set of two permanent sextupole mag-
nets, which selected a range of velocities and polarized the beam. The third
chamber housed a chopper which modulated the beam. The spectroscopy appa-
ratus was placed directly downstream of the chopper chamber. The cavity was
surrounded by a pair of Helmholtz coils and enclosed in a 2-layers mu-metal box
to shield the stray and earth magnetic fields. Next, the hydrogen beam reached
the bore of the superconducting sextupole magnet for spin-state analysis. In the
final chamber a quadrupole mass spectrometer (QMS) selectively counted pro-
tons (mass-1 particle), which emerged from the crossed-beam ionization region
using electron impact. The aforementioned modulation of the beam resulted
in a periodical structure of the detected mass-1 rate and enabled velocity mea-
surements from the time-of-flight and discrimination from the background via
lock-in amplification. A laser shining through the entire apparatus was used for
alignment as well as time-of-flight determination (see §3.1). With the hydrogen
source ignited the pressure was typically 10−3 Pa in the first pumping stage and
better than 5× 10−8 Pa in the detection chamber.
2.1 Polarized and modulated atomic hydrogen source
The design and operation principles of the atomic hydrogen source is simi-
lar to the one described in [30]. In the present setup, ultra pure molecular
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Figure 3: Top : technical drawing of the atomic hydrogen beamline (dimensions
in mm). Bottom : picture of the apparatus in which the shielding and Helmholtz
coils around the cavity were removed. The hydrogen source is mounted directly
upstream of the first vacuum chamber (the so-called straight-source configu-
ration) and the plasma is ignited. The quadrupole mass spectrometer (QMS)
stage is hidden behind the superconducting magnet.
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hydrogen gas was provided by a hydrogen generator (Packard 9100) via elec-
trolysis of deionised water. A H2 flow of typically 0.6 SCCM1 was introduced
into a cylindrical pyrex glass tube via an electronically controllable flow meter
(Brooks SLA5850). A solid state microwave generator (Sairem, GMS 200W
ind C) produced ∼2.45GHz microwaves that were fed with an input power of
∼60W via two N-type connectors and coaxial cables into the pyrex tube. The
plasma was ignited with an electrostatic discharge gun and maintained by twin
slotted Lisitano type radiators [30] surrounding the pyrex glass discharge tube.
A picture of the glass tube and special structure of the radiator is shown in
Fig. 4. Atomic and molecular hydrogen exited through the small orifice of the
pyrex tube into the vacuum system and were cooled by passing through a PTFE
(Polytetrafluoroethylene) tubing kept under cryogenic temperatures (∼20K) by
the cold-finger of a cryocooler. Two orientations of the source with respect to
the beam axis were tried. The straight configuration, shown in Fig. 3, allowed
for atoms with higher velocity components traveling through the center of the
PTFE tubing with minimal interactions with the walls to pass through, while a
90 ◦ orientation, pictured in Fig. 5, allowed for more interactions and suppressed
the high velocity part of the beam.
The cracking efficiency of the hydrogen source is defined as:
D = (Hoff2 −Hon2 )/Hoff2 (1)
with Hon2 and Hoff2 being the amount of molecular hydrogen in the beam when
the hydrogen source is in operation or not ignited, respectively. Operational
cracking efficiencies were measured in a dedicated setup, where the source was
directly connected to the detector. At a source pressure of 30Pa (equivalent to
an incoming molecular flux of 0.6 SCCM), maximum cracking efficiencies around
0.8 were found at room temperature which is less than what is reported in the
literature ([30] indicates for example 0.9 at the same pressure). Investigation
gave no clear reason for this slightly lower efficiency. The hydrogen rate was
sufficient to perform the experiment and therefore no further improvements were
sought.
The cooled hydrogen beam exited the PTFE tubing towards a skimmer of
1mm in diameter and reached the second vacuum chamber hosting the set of
two permanent sextupole magnets. To our knowledge, the technique to form a
polarized and velocity-selected beam using a sextupole magnet doublet has not
been discussed in the literature. Some details on the setup and working prop-
erties will therefore be provided in the following. The magnets had an open
diameter of 10mm and a pole field of ∼1.36T, which corresponds to a gradient-
constant of G′=108,800Tm−2 (a definition of this strength and more details on
the properties of sextupole fields are given in subsection 2.2.4, in context with
the superconducting analysis magnet). With an mechanical length of 65mm,
an integrated gradient (focusing strength) of 7,072Tm−1 can be estimated, in
reasonable agreement with the design value of 7,435Tm−1 [32]. The magnets
1SCCM is a flow unit representing a standard (at T = 273.15 K and P = 105 Pa) cubic
centimeter per minute.
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Figure 4: Photograph of the hydrogen source (modified from [31]). Microwaves
are introduced via two N-type coaxial connectors (coaxial feeds). The slotted
line antennas radiate into the glass tube and form a TE011 mode. Molecular
hydrogen is introduced at the inlet of the pyrex tube (on the left side) and
atomic hydrogen exits from the right side into the vacuum system of the first
chamber.
8
Figure 5: Photograph of the source mounted with a 90 ◦ orientation with re-
spect to the beam axis. Atomic hydrogen (originating from the left-side of the
photograph) travel through the PTFE tubing which is bent and enclosed in alu-
minium blocks cooled via the cold-finger of a cryocooler. The green laser light
originating from the front of the picture can be seen passing the tubing along
the beam axis towards the skimmer.
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were made of iron-dominated poles (permendur) and samarium-cobalt Sm2Co17
permanent magnet blocks acting as magnetic flux generator enclosed in a non-
magnetic titanium frame. The first magnet provided the initial spin-polarization
of the beam by removing the two hyperfine states which were attracted to high
fields (hfs). In conjunction with the second magnet and an aperture of 3mm in
diameter between the two magnets a narrow velocity range was selected. The
magnet’s support mechanism governed a symmetric longitudinal motion of the
two sextupoles with respect to the midway aperture, see Fig. 6. Since the fo-
cusing length depends on the atom velocity, only a given velocity component,
depending on the distance between the sextupole magnets (ds), was focused
onto the aperture and went through, as illustrated in Fig. 7.
The velocity-selected beam entered the third vacuum chamber through an
aperture of 5mm in diameter. In this chamber, a tuning fork chopper (Scitec
CH-10) modulated the beam. It operated with a maximal opening of 5mm, a
duty cycle of 50% and a fixed frequency of ∼178Hz. The modulation enabled a
statistical measurement of the time-of-flight (TOF) of the atoms from the chop-
per to the detector, by comparison of the detector signal to a sinusoidal reference
signal from the chopper driver. The operation principle and chopper design
originated from [33] which pioneered the development of helium-temperature
hydrogen sources.
Figure 8 shows simulations of the sextupoles’ velocity selection compared to
experimental results based on TOF measurements (see §3.1) for the 90 ◦ source
orientation. The measurements were done on a dedicated setup where the cav-
ity and the downstream superconducting sextupole were removed and the latter
replaced by a set a permanent sextupoles, installed directly after the chopper
chamber, to focus the beam. The distances between the source and the sex-
tupole doublet and the chopper were however identical to the ones in Fig. 3.
The distance between the chopper and the QMS detector in the configuration
used for this velocity characterization was 2.2m (about 0.5m less than in the
presently described setup, see Fig. 3). The measured data lie between the two
assumed initial beam distributions in the simulation and the trend is well re-
produced.
The achieved level of polarization of the beam by this magnet assembly has
been studied in simulations which indicated a proportion of low-field seeking
states ( lfslfs+hfs) of more than 90%. The experimental determination of the po-
larization is hindered in the herein described apparatus because, apart from a
possible hfs contamination, only one of the two low-field seeking states present
in the beam can be addressed with the σ1 transition, see Fig.1. An upgraded
apparatus able to address the content of both lfs states (through the σ1 and
pi1 transitions) and therefore determine the polarization of the beam will be
described in a future publication.
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Figure 6: Annotated technical drawing of the two permanent magnets assembly
for beam polarization and velocity selection.
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Figure 7: Conceptional sketch of the velocity selection (modified from [34], z-axis
not to scale). Atoms in the correct spin configuration, the so-called low-field
seekers (lfs, in red) will be bent onto the aperture with a velocity-dependent
focal radius. Atoms in a high-seeking state (hfs, in green) will be bent away by
the first magnet. The straight, dashed and dotted lines indicate the trajectories
of atoms with different velocities.
2.2 Spectroscopy apparatus
The spectroscopy apparatus, composed of the microwave cavity inducing tran-
sitions between the internal states of ground state hydrogen, and the supercon-
ducting sextupole magnet analyzing the spin state, was separated from the chop-
per chamber by an additional aperture. Two types of apertures were used: the
first type had a wall thickness of 3mm and an open diameter of 4mm, pro-
ducing a narrow beam of approximately 8mm in diameter at the cavity centre.
The second aperture type, to increase the beam diameter at the cavity for sys-
tematic studies, while retaining a good differential pumping, was made of a
100mm long pipe with a diameter of 15mm, producing a beam with a diameter
of approximately 22mm in the cavity.
2.2.1 Cavity
The cavity design has been detailed elsewhere [23, 24, 25]; in short it is a pill-
box shaped strip line resonator (i.e composed of two parallel conducting plates)
closed off by fine metallic meshes in the direction of the beam, allowing close
to 96% transparency for the incoming atoms while keeping the RF field from
leaking out of the chamber, see Fig. 10. The meshes were manufactured from
a 100µm thick sheet of stainless steel chemically etched to obtain the meshed
structure of 5mm grid size, which was then gold-plated.
The cavity design was motivated by the requirement of a high RF-field ho-
mogeneity in the plane perpendicular to the beam axis. The length of the
conducting plates (measured along the beam, i.e. z direction) had to be an
12
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Figure 8: Velocity selection as a fonction of the distance ds between the sex-
tupoles. The velocities were measured by time-of-flight, see §3.1. The mea-
surements are compared to simulations where a divergent beam from the source
was assumed (red solid line). In this configuration, the outgoing beam from a
point-like source was assumed to be distributed within an opening angle α of
2 ◦ (200 angles simulated with α2 homogeneously distributed) and with initial
velocities between 200 and 2000m/s (181 homogeneously distributed velocities
were simulated). A parallel beam configuration was also simulated for compari-
son (green dashed line). Here, the source had a radius r of 5mm and the atoms
were originating from a homogeneously distributed r2 with again 181 different
velocities in the range from 200 to 2000m/s. For both simulations the maximum
of the velocity distribution recorded after the doublet is indicated.
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XY
(a) (b)
Figure 9: Magnetic field distribution of the desired odd (a) and the undesired
even mode (b) generated inside the cavity (modified from [25]).
integer multiple of the desired resonance half-wavelength (it was chosen to be
Lcav=105.5mm corresponding to half the wavelength of the zero-field hyperfine
transition at 1.42GHz). In contrast the distance between the plates could be
chosen freely and was set to 100mm, matching the pipe diameter for a standard
CF100 vacuum flange. Such a cavity consisting of a strip line inside a pillbox,
can support two degenerate transverse electromagnetic (TEM) modes with sim-
ilar resonant frequencies. Fig. 9 illustrates the magnetic field distribution of the
two modes. In order to retain only the desired odd mode, the even mode was
suppressed in the frequency region of interest by addition of “wing”-structures
(see Fig. 10) to selectively de-tune it.
Simulations show that this geometry reached a field inhomogeneity in the
plane perpendicular to the beam direction (x-y plane) of 2×(Bmax−Bmin)/(Bmax+
Bmin) ∼ 3% [25]. Along the beam (z direction), the field amplitude follows a
sin(zpi/Lcav) distribution: the field vanishes in the center of the cavity and has
two maxima at the front and back walls of the resonator. Thus the magnetic
field points at opposite directions in the two half-volumes. This field configu-
ration leads to a “double-dip” structure in the resonance spectrum, as seen in
Fig. 11.
The cavity consists of a stainless-steel central body closed off with copper
seals by two modified CF400 flanges to match the high vacuum requirements of
the setup. The cavity is equipped with four ports onto which UHV-compatible
feedthroughs (PMB Alcen) are connecting antennas to the external apparatus.
The antennas lengths were adjusted to achieve an overcritical coupling neces-
sary to reduce the quality factor of the cavity. This was required to retain a few
MHz excitation range to measure the transitions at several external magnetic
fields of the order of a few gauss (see §2.2.2). In the original design two ports
14
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Figure 10: Photograph of the cavity used to drive the hyperfine transition in
hydrogen/antihydrogen. The central cavity body and the back closing flange
are visible. The front closing flange is removed to reveal the inner structure of
the cavity: the two strip lines resonators which are 150mm wide, 105.5mm long
(in beam direction) and separated by a distance of 100mm, the wing structures
and the tuning disks. The openings for the hydrogen/antihydrogen beam are
closed-off by fine gold-plated mesh constraining the RF-field inside the cavity.
The gold-plated contact springs ensure a good electrical contact between the
closing flanges and the central body, as well as between the resonators and the
flanges. The antennas assembled around the cavity for injection and pick-up of
the RF-field are connected via feedthroughs to the external circuit (see Fig. 14).
As shown in Fig. 9, the magnetic field vector points in the x-direction.
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Figure 11: Results of numerical solutions of the optical Bloch equations for a
two-states system in a strip line cavity design. The state-conversion probability
is given as a function of the de-tuning frequency and the amplitude of the
oscillating magnetic field Bosc. A monoenergetic beam of 1000ms−1 and a cavity
length of 105.5mms are assumed. The horizontal line indicates the required
driving strength to reach the first complete state conversion (“pi-pulse”). The
bottom plot is the projection of the state-conversion probabilities at the line
revealing the characteristic “double-dip” lineshape.
16
for feeding the microwaves in-phase and two ports for pick-up and analysis of
the signal were envisioned. However, the interference pattern was found to be
very sensitive to slightly different electrical lengths of the antennas. Therefore
in a measurement run, one port was connected to a signal generator (Rohde &
Schwarz SML02), locked to a rubidium frequency standard (SRS FS725), via a
42 dB amplifier (Mini Circuits ZHL-10W-2G(+)) and a stub-tuner (see discus-
sion below). The opposing port was used to pick-up and monitor the signal using
a spectrum analyzer (Agilent Technologies N9010A) connected to the same ru-
bidium frequency standard and the remaining two ports were terminated with
50Ω connectors, as indicated in Fig. 12.
A comparison of the simulated transmission pattern and experimental measure-
ments showed a detuning of the desired mode by 26MHz, necessitating the
addition of tuning disks (see Fig. 10). It was however observed that the cen-
tral frequency was more efficiently tuned by changing the distance between the
meshes (influenced also by the pressure in the cavity, atmospheric pressure or
vacuum) than by the tuning disks. The length of the cavity was therefore tuned
by adding 2mm shims between the outer flange of the cavity and the closing
meshes.
Flexible gold-plated CuBe2 contact springs (Fig. 10) ensure a good electrical
connection between the two halves of the cavity and close the gap formed by the
vacuum seal which would cause mode distortion. Spot-welding of the springs
onto the cavity structure was necessary to ensure a stability of the connections
against movements and vibrations and a better reproducibility of the transmis-
sion pattern. Nevertheless, external tunability and adjustment of the quality
factor was required. A coaxial double slug tuner (Microlab FXR SF-31N), pro-
viding a tunable impedance matching was thus inserted between the amplifier
and the input port of the cavity. The typical microwave power injected into
the cavity was of the order of 0.3mW to drive one half of a Rabi oscillation
(“pi-pulse”).
Figure 13 shows the transmission scattering parameter S21 (port 2 being
the readout port and port 1 the input port) after impedance adjustments using
the double slug tuner, where fR indicates the resonance frequency of the cavity
and ∆f the width of the resonance at -3 dB. The quality factor, Q= fR∆f ∼120
matches well the requirement of a 4MHz operational bandwidth to allow exci-
tations within the range of 1420-1424MHz.
2.2.2 Helmholtz coils
In the presence of a static magnetic field, the degeneracy of the hydrogen hy-
perfine triplet states is lifted as illustrated by the Breit-Rabi diagram in Fig. 1.
Several transitions are possible between the four hyperfine states which can be
driven, depending on the relative orientation of the RF and static magnetic
fields. In the setup reported here, a set of Helmholtz coils surrounded the spin
flip cavity, producing a field perpendicular to the incoming particle beam and
parallel to the oscillating RF field, see Fig. 14. This configuration allows to
drive the σ1 transition (see Fig. 1). The external magnetic field enters only in
17
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Figure 12: Exciting scheme of the cavity. The RF field from a signal generator
stabilized by a rubidium standard clock is amplified and injected via a stub tuner
to one port of the cavity. The field is picked-up at another port and readout by
a spectrum analyser also stabilized in frequency by the same rubidium clock.
All other ports are terminated with 50Ω connectors.
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second order for this transition2, making its determination less sensitive to field
inhomogeneities. Therefore Helmholtz coils producing a field inhomogeneity
(σ|B|/|B|) better than 1% in the volume of interest could be used.
The coils had radii of 235mm (at center of wiring, the innermost radius was
220mm) and 90 windings (10 rows, 9 windings/row). They were wound with
a copper wire of 1.6mm in diameter onto a support made of fiberglass loaded
with epoxy. The coils were mounted on aluminum profiles fixed on the side of
the cavity by threaded brass rod (see Fig. 14), which, together with aluminum
cylinders were used for accurate spacing of the coils. The distance between the
coils was optimized in the presence of a magnetic shielding, described in §2.2.3,
to produce the most homogeneous field in the region of interest. The optimal
distance was found to be 214mm which is slightly smaller than the design radius
of the coils due to the presence of the shielding.
The current to the coils, connected in series, was delivered by a stable power
supply (Heinzinger PTNhp) and monitored with a digital multimeter (Keithley
2001). The current was set between ±1A, corresponding to a maximum mag-
netic field of 459µT and a change in the σ1 transition frequency of a few tens
of kHz (see Fig.19).
2.2.3 Magnetic shielding
To minimize the influence of external stray magnetic fields, such as the Earth’s
or the downstream sextupole magnet’s, in the interaction region, a cuboid two-
layer magnetic shielding made of mu-metal was built and assembled around the
cavity and Helmholtz coils. The outer dimensions (width × length × height) of
the inner and outer layer were 531× 531× 606 mm3 and 561× 561× 636 mm3
with a thickness of 1mm and 2mm, respectively. Two three-axes flux gate
magnetometers (Bartington Mag-03IE1000 read out with Bartington Decaport)
were placed on each side of the cavity to monitor the magnetic field and any
field fluctuations inside the shielding (Fig.14). The shielding factor, the ratio of
inside- to outside-shielding magnetic field strengths measured, of the configura-
tion depends on the orientation of the external field, as the layers have openings
larger than 100mm in diameter in the axial direction, where the beam pipe
enters and exits. A COMSOL simulation, assuming a mu-metal relative per-
meability of µr > 20, 000, gave shielding factors of typically 150 for static axial
fields and 800 for static radial fields. To experimentally determine the shielding
factor one additional flux gate magnetometer was placed outside the shielding
to monitor the inside and outside fields in parallel. This was done when the
apparatus was installed at the ASACUSA antihydrogen setup in the hall of the
AD. However, only the inner shielding layer was present for this measurement.
The changes of the internal and external stray fields related to the cycle of the
AD (≈100 s) could be monitored. A radial shielding factor of ≈42 was measured.
Similar measurements were performed at the hydrogen setup during a ramp-up
2fσ1 =
∆E0
h
(1 + 1
2
x2) where x = (gJ−gI )µB
∆E0
H, ∆E0 is the transition energy in zero-field,
µB the Bohr magneton, gJ , gI the electronic and nuclear g-values and H the strength of the
external magnetic field.
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cavity

feedthrough
3-axes flux-
gate assembly
Helmholtz coils 
spacer
Helmholtz coils
Figure 14: Photograph of the Helmholtz coils assembly mounted around the
microwave cavity. One of the three-axes flux gate magnetometers (see §2.2.3) is
visible on the flange of the cavity. The strip lines are aligned horizontally (not
visible) leading to a parallel alignment of the oscillating and the static magnetic
fields, as required to drive the σ-transition.
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of the superconducting sextupole and a radial shielding factor of ≈54 and ≈1470
was measured for a single layer and two layers of shielding respectively. Axial
shielding factors are highly dependent on the configuration of the external field
and are thus difficult to compare experimentally. The higher measured radial
shielding factor than simulated can be explained by the conservative µr chosen
for mu-metal in the simulation.
2.2.4 Superconducting Sextupole
The spin-state analysis after the interaction is performed through magnetic
sextupole fields, similar to the initial beam polarizer. In the radial plane this
field configuration can be parametrized by
~Br =
B0
r20
·
(
x2 − y2
−2xy
)
(2)
where B0 denotes the field strength at radius r0. The absolute value of the
magnetic field |B| is proportional to r2, the force on the magnetic moment of
a particle is proportional to the gradient ~∇| ~B|. Therefore sextupole magnets
produce forces which point radially and scale linearly with the distance from
the beam axis in the regime of field-independent moments. As a consequence
the particles follow harmonic trajectories in the radial plane (see Fig. 7). Such
a field is characterized by the constant ratio of the gradient to the radius
G′ =
1
r
∂| ~B|
∂r
= 2
B0
r20
. (3)
In contrast to normal Stern-Gerlach magnets with constant gradients a sex-
tupole configuration enables two-dimensional focusing (defocusing) of a beam
of lfs (hfs), similar to optical lenses.
The combination of the quadratic radius dependence and the requirement of
a large acceptance for antihydrogen (aperture of 100mm) translates into strong
magnetic fields at the poles, hence supplied by superconducting coils designed
and constructed by Tesla Engineering Ltd. The coils were placed in a vacuum
isolated tank filled with liquid helium. The heat load on the inner vessel is ab-
sorbed by a cryocooler which prevents the boil off of the helium and enables con-
tinuous operation. The warm bore (∼ 90 K) serves directly as the vacuum pipe
of the beam experiment and can be connected to the adjacent components via
standard CF100 flanges. A power supply (SMS550C from Cryogenic Limited)
provides currents up to 400A to the multi-layer bent racetrack coil geometry.
The design magnetic field of B0=2.42T is produced at a radius of r0=50mm
at the maximum current. The gradient-constant is G′=1936Tm−2. The focus-
ing strength of a sextupole magnet of effective length L is given by the axial
integral over the gradient constant
∫
G′(z)dz. With L = 220 mm the expected
integrated gradient amounts to G′dL=436Tm−1 at 400A. A measurement at
room temperature and at 0.8A yielded, after scaling to 400A, G′dL=515Tm−1,
which is even higher than the design value.
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2.3 Hydrogen Detection
A quadrupole mass spectrometer (QMS) (MKS Microvision 2 100 D in crossed
beam configuration) was placed at the end of the beamline and tuned to iden-
tify particles which atomic mass is one to detect atomic hydrogen. The overall
efficiency of the QMS for detection of hydrogen was around 10−8. The QMS
was mounted onto translational stages which could move the detector in a plane
perpendicular to the incoming beam for investigating beam profiles and signal
optimization. The typical area scanned was about 112mm2 (∼ ±4 mm in the
horizontal direction and ±7 mm in the vertical direction) and the typical step
sizes were of the order of a millimeter, which is much larger than the mini-
mum step sizes the stage could perform. The on-board single channel electron
multiplier (SCEM), powered with an external high voltage, amplified the signal
which was fed into another external amplifier (LeCroy - LRS 333). The total sig-
nal amplification was of the order of 20 dB. The signal was then discriminated,
converted to TTL and read out by a data acquisition card (NI ADC module:
PCIe-6361). Figure 15 shows a typical pulse after amplification as well as the
signal readout scheme.
High molecular hydrogen background decreases the atomic beam detection
efficiency. Both active and passive background suppression methods were there-
fore used. A non-evaporable getter pump (NEG), in combination with two-stage
turbo molecular pumping, enabled a vacuum level better than 5×10−8 Pa in the
QMS chamber. Additionally, digital data processing using lock-in amplification
techniques enabled further discrimination against background. Information on
the phase of the tuning fork chopper (see §2.1) was obtained by feeding the
monitor signal of the chopper driver to a sampling voltage input of the NI ADC
module. A software algorithm separated the modulated content of the count
rate from the constant background rate [35].
3 Characterization measurements
3.1 Time-of-flight and velocity measurements
The time-of-flight t of the hydrogen atoms was determined by relating the time-
dependent beam count rate at the QMS detector and the time-dependent signal
of the alignment laser on a photo-diode (as a proxy for the chopper opening)
to the phase of the chopper reference signal recorded by the software lock-
in amplifier. From those measurements the mean velocity v of the beam was
extracted in the following way: v is the time-of-flight of the hydrogen atoms over
the distance L between the chopper and the QMS detector, which is evaluated
using the difference between the phase of a laser ΦL shining through the entire
apparatus (the time-of-flight being negligible) and the phase of the beam signal
Φ, over the chopper reference signal with frequency fch:
v =
L
t
=
2pi × L× fch
Φ− ΦL (4)
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Figure 15: Top: typical single ion pulse from the SCEM measured with an
oscilloscope. Bottom: schematic of the readout chain.
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where ΦL and Φ are expressed in radian and fch is extracted from the lock-
in amplifier software. The phase ΦL is determined from the laser signal, read
out by a photodiode behind the QMS detector, while Φ is evaluated using the
beam count rate measured at the QMS as a function of the phase of the chop-
per (Fig.16). The count rate has two components: a constant background and
a sinusoid-shaped modulated beam signal. Several fits to extract Φ were at-
tempted. The one giving the best results in terms of goodness-of-fit was a
truncated positive sine half-wave convoluted with a gaussian. The truncation
comes from the size of the beam with respect to the chopper opening, while the
convolution with the gaussian takes into account the velocity distribution of the
beam. Figure 16 shows a typical histogram and the residuals of such a fit.
The knowledge of Φ, ΦL, fch and L yielded, using (4), the velocities plotted
for example in Fig. 8 where the error bars take into account the errors on the
laser phase, on the beam phase (being the dominant ones), on the length L and
on the chopper frequency fch.
3.2 Focusing by the superconducting sextupole
The effect of the superconducting sextupole can be characterized using the 2D-
scanning stages (§2.3) and a measurement of the time-of-flight of the atoms
arriving at the QMS. Figure 17 shows two-dimensional beam profiles indicating
the position dependence of either the count rate or the velocity of the hydrogen
beam recorded at the QMS for sextupole current off and for 400A at the max-
imum ds (highest initial velocity selection). It clearly illustrates the focusing
of the low velocity components when the magnet is energized. Figure 18 also
illustrates this behavior at different initial velocities (5 different ds spacings).
At lower velocities the sextupole current needed to focus a high portion of the
low velocity component is lower.
3.3 Measurement of the hyperfine transition
In [15] we reported the measurement, using this apparatus, of the ground-state
hyperfine splitting of hydrogen through the σ1 transition with a relative pre-
cision of 3 × 10−9, which constitutes more than an order of magnitude im-
provement over previous determinations in a beam [13, 14]. The ground-state
value was obtained by extrapolating several measurements taken at different
external magnetic fields (within the few gauss range) to zero-field. Figure 19
shows such an extrapolation. The investigation of systematic shifts included,
among others, the size of the beam at the cavity entrance (see §2.2), the effect
of the shielding factor, the temperature of the source, and the orientation of
the PTFE tubing. The only potential systematic shift that could be identified
stems from the frequency standard and was on the 1 ppb level. All results were
in agreement, within their uncertainties, with the more precise literature value
(flit = 1, 420, 405, 751.768(2) Hz [4, 5]). Therefore systematic shifts stemming
from the spectroscopy method or apparatus can be excluded at the few ppb
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Figure 16: Top: count rate at the QMS vs phase of the chopper signal. The fit
function (red solid line) is a truncated positive half-wave of a sine convoluted
with a gaussian. Bottom: residuals of fit.
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Figure 17: Focusing effect of the analyzing superconducting sextupole; top (bot-
tom) panels compare the beam count rate (average beam velocity) when the
superconducting sextupole is turned off (left panels) or energized with the max-
imum current of 400A (right panels). The data were collected in the straight-
source configuration.
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Figure 18: Measured count rates (top) and average beam velocities (bottom)
while ramping the superconducting sextupole magnet from zero up to the maxi-
mum current of 400A (the second x-axis gives the corresponding magnetic field
strength at a radius of 50mm). The trends are compared for 5 different settings
of the distance ds between the sextupole doublet, which pre-selects the beam
velocity. The solid lines indicate the running average. The data were collected
in the 90 ◦ source configuration.
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Figure 19: Determination of the ground-state hyperfine splitting of hydrogen;
(a) the lineshape was measured at different external magnetic fields/Helmholtz
coils currents (here an example at 250mA) and provided the frequency of the
σ1 transition at those fields indicated by the blue vertical line; (b) the extrap-
olations of those values to zero magnetic field yielded the zero-field transition
with a relative precision of 3× 10−9.
level for the planned measurements on antihydrogen with an initial precision
goal of 1 ppm.
4 Summary and Conclusions
We have described ASACUSA’s hydrogen apparatus to commission and charac-
terize the spectroscopy setup envisioned for the measurement of the ground-state
hyperfine splitting of antihydrogen. The setup, designed for high acceptance of
the scarce antihydrogen atoms, is capable of reaching the specified performance
to selectively drive the σ1 transition. A measurement of the ground-state hy-
perfine splitting of hydrogen was performed [15] with an order of magnitude im-
proved precision over previous determination in hydrogen beams. The prospects
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for antihydrogen spectroscopy depend on the quality of the antihydrogen beam
and in particular on the average velocity, polarization and quantum states of
the atoms exiting the formation region toward the apparatus. An evaluation
of the needed amount of antihydrogen atoms given particular values of those
parameters to reach a ppm precision on antihydrogen has been provided in [15].
An upgrade (improved coils configuration and shielding) of the apparatus
described in this manuscript has been performed to allow the simultaneous de-
termination of the σ1 and pi1 transitions and will be the subject of a future
publication. This is of particular interest for the antihydrogen measurement
since a single measurement of the two transitions at a given field is sufficient to
determine the ground-state hyperfine splitting.
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